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I

The involvement of serotonin and its receptor subtype in

the induction of hepatocyte DNA synthesis was investi-
gated in primary cultures of adult rat hepatocytes. Seroto-

nin caused a dose-dependent increase in DNA synthesis in

primary cultures of rat hepatocytes in the presence of

epidermal growth factor (EGF) and insulin , as measured by

[3H]thymidine incorporation. The serotonin S, receptor
antagonists, ketanserin (10-6 molL) and spiperone (10-6
moVL), blocked stimulation of DNA synthesis by serotonin.
Displacement ,Ladies on [3H]5 hvdroxytrvptamine (5-HT)
binding to crude membranes from control and regenerating
lived tissue, using cold ketanserin and spiperone, showed
an increased involvement of S, receptors of serotonin in the

regenerating liver during the DNA-synthetic phase. Seroto-
nin enhanced the phosphorylation of a 40-kd substrate
protein of protein kinase C (PKC) in the regenerating liver
during the DNA synthetic phase of the hepatocyte cell
cycle. This was blocked by ketanserin, indicating that

serotonin S, receptor activates PKC, an important second
messenger in cell growth and division, during rat liver
regeneration. Our results show that serotonin can act as a

potent hepatocyte comitogen and induce DNA synthesis in
primary cultures of rat hepatocytes, which is suggested to
be mediated through the serotonin S, receptors of hepato-

cytes. (HEPATOLOGY 1998;27:62-66.)

The adult mammalian hepatocytes are highly differenti-
ated, nonproliferating cells that can be induced to divide after
partial hepatectomy. Liver regeneration after partial hepatec-

tomy is a useful model to study the mechanisms involved in
the control of cell growth and division.' The re-entry of
hepatocytes into the cell cycle is characterized by coordinated
waves of DNA synthesis, and cell division is terminated by
intrinsic control mechanisms when the original cellular mass

has been restored.'- The hepatic regenerative response may be
regulated by hormones such as insulin and thyroid hor-
mones.3-6 and by neurotransmitters such as norepineph-

rine., 8 Adult rat hepatocytes can be induced to enter into
DNA svnthesis and mitosis in primary culture. Liver regenera-
tion studies with replicating hepatocytes in culture can be
used to investigate the trophic factors that control the growth
of normal and neoplastic hepatocytes.°

The hepatic sympathetic nervous system has been impli-
cated to be important in DNA synthesis during liver regenera-
tion.'011 Cruise et al.t- reported that norepinephrine stimu-

lated DNA svnthesis in cultured rat hepatocytes through the

a,-adrenergic receptor. Serotonin has been shown to be
mitogenic in many non-neuronal cells, exerting its effect by
its different receptor-mediated second messenger pathways.
The S, receptor subtype of serotonin has been shown to

mediate cell growth in fibroblasts.'3 The serotonin 5, receptor
has been cloned in the human liver and has been shown to
have a high degree of homology with the S, receptors of rat
and mouse liver. 14 The S, receptors of serotonin are coupled

to phospho-inositide turnover and diacylglycerol formation,

which activates protein kinase C (PKC), an important second
messenger for cell division.15 Serotonin 5, receptor-mediated
activation of PKC has been shown to result in the phosphory-

lation of a 40-kd substrate protein of PKC in human

platelets.l6 In the present study, the effect of serotonin and the
serotonergic S, receptor antagonists, ketanserin and spipe-
rone. in induction of DNA synthesis in primary cultures of
adult rat hepatocytes was investigated. The changes in the

serotonin S, receptors and 5, receptor-mediated membrane
protein phosphorylation were also studied in the regenerat-

ing rat liver after partial hepatectomy.'

MATERIALS AND METHODS

Animals. Adult male Sprague - Dawley rats weighing 200 to 300 g

were used for all experiments . They were fed lab chow and water ad
libinon, and maintained on a 12-hour light/dark cycle.

Materials . [ 3H]Thymidine ( 18 CUmmol) and [y-32P]adenosine

triphosphate (ATP) (3.000 CUmmol ) were purchased from BARC

(Mumbai . India ). Epidermal growth factor ( EGF), insulin, seroto-

nin, collagenase t),pe-IV: collagen, fetal calf serum, Williams' me-

aphidicolin , phosphatidyl serine , dithiothreitol, standarddium E ,
marker proteins (myosin [205 kdl, f3-galactosidase (116 kdl,

Abbreviations: PKC, protein kinase C. ATP, adenosine triphosphate. EGF, epidermal

growth factor. 5-HT. 5-hvdroxvtrvp amine 1serotomn): TC1. tnchloroacetic acid.
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phosphorylase 97.4 kdl, bovine albumin [66 kd], egg albumin [45
kd]. and carbonic anhydrase (29 kdl ), and other biochemicals were
purchased from Sigma Chemical Co. (St. Louis, MO). Ketanserin
and spiperone were gifts from Janssen Research Laboratories, Beerse,
Belgium. [3115-hydroxytryptamine (5-HT) (18.4 Ci/mmol) was
from Amersham, Buckinghamshire. UK. All other chemicals were
standard commercial products of analytical grade.

Isolation and Culture of Hepatocytes. Hepatocytes were isolated from

male Sprague-Dawley rats (range, 200-300 g) by collagenase per-

fusion, filtration , and low-speed centrifugation as described by
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.17 Livers were perfused with a Ca2+-free HEPES buffer (pH
ollowed by the same buffer (pH 7.6) containing 5 mmol/L
and 0.05% collagenase. The hepatocyte preparation having a
y of >90% as assessed by Trypan Blue exclusion was chosen
ture. The cells were plated on 35-mm rat-tail collagen-coated
at a density of approximately 106 cells in 1 mL per culture
ells were allowed to settle and adhere for 3 hours in Williams'
:n E supplemented with 5% fetal calf serum. gentamycin
(50 mg/mL), and insulin (10-' moVL). After 3 hours (zero

f assay), the medium was replaced by serum-free medium
ding [3H]thymidine (2.5 mCi/mL) with and without EGF (10
). Dose response of hepatocyte DNA synthesis to 5-HT was
I by adding varying concentrations of 5-HT (5 X 10-9 mol/L
mol/L) to primary cultures of rat hepatocytes in the presence

_d concentrations of EGF (10 ng/mL) and insulin (10
. The serotonergic receptor blockers, ketanserin and spipe-

i0-° moVL), were examined for their ability to block the

aion of DNA synthesis induced by 5-HT. Cultures were
.ted for 48 hours in 95% air. 5% CO, at 37°C.12

Synthesis Assay. After 48 hours, the hepatocytes were har-
and DNA was extracted by trichloroacetic acid (TCA)
ition according to Takai et at-" The cells were washed twice

old phosphate-buffered saline, and I mL of cold TCA was
The hepatocytes were solubilized by incubation at 37°C for

lutes in 0.5 mL of IN NaOH, and then cold 100% TCA was
to the solution at a final concentration of 15%, and the
tare was washed with 5% TCA. DNA was hydrolyzed by

the precipitate at 90°C for 15 minutes in 0.5 mL of 10%
DNA synthesis was measured by [3H1thvrnidine incorporation
NA. Radioactivity was measured in a Wallac liquid scintilla-
'unter, Turku, Finland. The difference between the radioactivi-
the hot TCA-soluble fractions with or without 10 µg/mL

-Olin was expressed as dpm/mg protein. Cell protein was
.ted according to the method of Lowry et al.19
ial Hcpatectomv and Killing. Two thirds of the liver constituting
,dian and left lateral lobes were surgically excised under ether
esia according to the method of Higgins and Anderson.20
operations involved median excision of the body-wall. fol-
by all manipulations except removal of the lobes. After 24

of surgery, the animals were killed, and the liver was dissected
ored at -70°C.
5-HT Displacement Studies in Liver. Control and regenerating

ssue was homogenized in 50 volumes of ice-cold 0.25 mol/L

,0 mmol/L Tris-HCI buffer (pH 7.5) containing 2 mmoVL

to glycol-bis(13-aminoethyl ether)-N,N,N',N'-tetraacetic acid,
entri(uged at 4,8000g for 30 minutes. The pellet was resus-
d in the same buffer and recentrifuged. The final pellet was
)ended in the assay buffer and was used as crude membrane
-ation for displacement studies.21 Ketanserin and spiperone
moVL to 10-3 mol/L) were used to perform competitive

1g studies with [3H15-HT. The radioactivity was measured in a
liquid scintillation counter.

=-Dependent Protein Phosphorylation Assays in Particulate Fractions
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phosphorvlation . After incubation with the various drugs at 0°C for
15 minutes , the reaction was started by adding 10 mmol/L ATP
containing 1 mCi of [.y-32P]ATP, and further incubated at 30°C for 2
minutes . The reaction was terminated by adding 15 mL of 4X stop
buffer ( 250 mmol/L TRIS-HCI [pH 6.81. 8/o sodium dodecyl sulfate,
40% glycerol , and 20% 13-mercaptoethanol ). The samples were
transferred to a boiling water bath for 2 minutes . Proteins were
resolved by sodium dodecyl sulfate-polvacrylamide gel electropho-
resis on a 10% polyacrylamide gel by Laemmli 's method.-" Standard
marker proteins were simultaneously electrophoresed . The gels
were stained with Coomassie blue R -250, dried on a gel drier
(Hoeffer , San Francisco , CA), and autoradiographed on Kodak X-ray
films with intensifying screens at -70°C for 24 hours.

RESULTS

EGF (10 ng/mL), a known hepatocyte mitogen, resulted in
a significant increase (P < .05) in DNA synthesis of cultured
hepat6,: tes in the presence of insulin. When serotonin alone
was added to hepatocyte cultures, it did not bring about a
significant increase in the DNA synthesis in the presence of
insulin. However, serotonin significantly enhanced (P < .05)
DNA synthesis of hepatocytes in the presence of EGF and
insulin (Table 1). Dose-response studies with serotonin
showed that the effective concentration of serotonin was 10-6
mol/L and the maximal effect was reached at 5 X 10-' mol/L
(Fig. 1). Serotonergic inhibitors were examined for their
ability to block the stimulation of DNA synthesis induced by

5 X 10-' mol/L. 5-HT (Table 1). Ketanserin, at 10-6 mol/L,
caused a significant reduction in 5-HT-induced DNA synthe-

sis (P < .05). The addition of 10-1 mol/L of spiperone also led
to a significant decrease in DNA synthesis induced by 5-HT
(P < .05). Thus, ketanserin and spiperone were able to block
the co-mitogenic effect of serotonin.

Displacement studies were performed as in vitro assays on
crude membrane preparations of control and regenerating
liver. Ketanserin caused a marked displacement of [3H]seroto-
nin from its receptors in the regenerating rat liver at 24 hours
after partial hepatectomy compared with control liver, in all
concentrations tested (Fig. 2). Spiperone displaced [3H]sero-
tonin in the low-affinity range of concentrations during the
DNA synthetic phase (Fig. 3). Both antagonists caused a shift
of the displacement curve to the high-affinity concentration
range.

The membrane proteins phosphorylated by 5-HT in a
PKC-dependent manner were studied in crude membrane
preparations of the control and 24-hour regenerating rat liver
(Fig. 4). Endogenous PKC-dependent phosphorylation of a

trol and Regenerating Rat Liver. Control and regenerating liver TABLE 1. Effect of Serotonin and Serotonergic Receptor Antagonists on

,omogenized in 20 mmol/L TRIS-HCI at pH 7.5 containing 2 DNA Synthesis in Primary Cultures of Rat Hepatocytes

'L ethylenediaminetetraacetic acid and 10 mmol/L ethylene
-bis([3-aminoethyl ether)-N.N,N',N'-tetraacetic acid to obtain
homogenate.''-'- The homogenates were centrifuged at 48,000g
minutes at 4°C, and particulate fractions were used for the

horvlation assay Protein was estimated according to the
)d of Lowrv et al.19 PKC-dependent phosphorvlation assays in
articulate fraction of control and regenerating liver were
med by a modified procedure of Jaiswal et al.23 The reaction

.re (50 mL final volume ) consisted of 20 mmoVL TRIS-HCI
-.5), 5 mmoVL MgCl2 - 6H2O, 10 mmoVL dithiothreitol, 0.5
'L CaCl2 . 2H2O, and 10 mg phosphatidyl serine , and 50 mg

.n of particulate preparation . The compounds , 10-' moVL
ntration of 5-HT, and ketanserin were added appropriately to

Experiment
DNA Synthesis

(dpm/mg protein x to-;)

Medium only 23.53 0.68
50 µmoVL 5-HT 27,46 ± 0.24
EGF (10 ng/mL) 451.89 7.81 *
EGF + 50 p.moVL 5-HT 852.41 9.35°

EGF * 50 p.moVL 5-HT + I p.moVL ketanserin 334.18 1457*
EGF + 50 µmoVL 5-HT + 1 µmoVL spiperone 375.69 ' 9.86*

NOTE. Values are mean Y SEM of four to six separate determinations
(Duncan 's multiple range test ). Hepatocyte culture and assay of DNA
synthesis were performed as described in Materials and Methods . Insulin
(10-' moVL) was present in all cultures.
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F!G. 1. Dose-dependent response of DNA synthesis in pnmarv cultures
?f rat hepatocvtes to serotonin. Different concentrations of serotonin 5 '<
10 -.a moVL- l0-mol/L) were added to cultured hepatocvtes. and 3Hlthvmt-
.1ine incorporation was determined in the presence of EGF i 10 nWmL' and
.nsulin ( 10-7 moLL). Values are mean = SEM of four to six separate
ieterminauons. Where the ERROR BARS are not visible. the SEVI is <2%.
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FIG. 2. Displacement anaffsis of 13H15-HT by ketanserin to crude liver
membrane preparations of control and hepatectomized rats assayed in nitro.
Competitive binding studies were performed with 5 nmoVL of [3H15-HT and
10-° moVL to 10-' moVL cold ketanserin. Values are mean SEM of four to
six separate determinations and are plotted at different concentrations.
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Fc. 3. Displacement analysis of 13H15-HT by spiperone in crude
membrane preparations of control and hepatectomt ed rats assayed in
Competitive binding studies were performed with 5 nmoVL of [3H15-HT
10- mol/L to 10-' moVL cold sptperone . Values are mean = SEM of fou
six separate determinations and are plotted at different concentrations.

29-kd and a 40-kd membrane protein was higher in
24-hour regenerating liver membrane compared with contr
Additional phosphorylation of a 50-kd protein and a 60-
protein was also seen in the regenerating liver membrane
hours after partial hepatectomy. When 5-HT was addL
phosphorvlation of the 40-kd membrane protein in t
regenerating liver was enhanced compared with the cont:
liver. When ketanserin was added along with 5-HT, there w
a conspicuous decrease in the phosphorylation of the 40-
protein in the control and regenerating liver membrane. T
phosphorylation of the 60-kd membrane protein, which
markedly enhanced when 5-HT was added, was blocked
the control and regenerating liver membrane fractions in t.
presence of ketanserin.

DISCUSSION

The results of this study showed that serotonin induc

DNA synthesis of mature rat hepatocytes in primary cultu
and this effect of serotonin is suggested to be mediated by
S, receptor of serotonin. Quiescent hepatocytes in cultr
were stimulated to enter the DNA synthetic phase by Ei
Though serotonin was nonmitogenie per se, it induced D`
synthesis in the presence of EGE Poly-peptide growth facts
such as EGF have been defined as complete mitogens
hepatocytes.25.26 Insulin, EGF, and glucagon have been shot
to elicit DNA synthesis in cultures of hepatocvtes. Insulin
required for the full magnitude of the response duri:
EGF-mediated DNA synthesis.'' The plasticity of grow
responses seen in hepatocytes may be controlled by comic
genic substances such as neurotransmitters. Studies on t
role of neurotransmitters as modulators of hepatocyte di-



2 3 4 5 6 ating liver compared with the control, indicating an increased
involvement of the hepatic 52 receptors during the regenera-
tive response. The affinity of the S2 receptors was increased
during the period of DNA synthesis as observed by a shift of
the displacement curve toward the high-affinity concentra-
tion range. Ketanserin is reported to be an S2 receptor
antagonist. Spiperone can recognize the St and S, receptors.
Receptors antagonized by both these drugs are identified as S2
receptors.32 The S2 receptor activation leads to an increase in
phospho-inositide metabolism, increased intracellular Ca-',
and possible activation of PKC.15 Increased release of Ca 21
was found to be important for hepatocyte division.33 PKC,
being a target for tumor promoters like phorbol esters, is
known to be an important second messenger for cell growth
and division .31 The S, receptors are present in many non-
neuronal tissues including the liver, pancreas, and kidney. 14
Because these receptors have the otenti 1a tp o actuate second

*60K messengers required for cell division. their role in regulating
-11 1; ration merits further study.

Endogenous PKC-dependent phosphorylation was higher
in the 24-hour regenerating liver membrane compared with
control. A 40-kd protein was specifically enhanced in the
PKC-mediated endogenous phosphorylation in the regenerat-
ing liver membrane. Previous studies have shown that, in
human platelets. serotonin phosphorvlates a 40-kd rot

Autoradiograph of 5-HT-induced membrane protein phosphorv-
ketansenn effect to show the 52 receptor involvement in the

d regenerating rat liver. Crude liver membrane protein fractions
rol and regenerating liver were used in four to six separate
Is. Fifty micrograms of protein was incubated with 10-5 molfL

ions of the drugs and [y-32P]ATP Protein was quantified by
ahod. Sodium dodecvl sulfate-polv^acrvlamide gel electrophoresis
med as described in Matenak and Methods. Lane 1, endogenous
lation in the control liver: lane 2. endogenous phosphorylation in
rating liver, lane 3, 5-HT with ketansenn in the control liver, Lane
th ketansenn in the regenerating liver; lane 5, with 5-HT in control
5, with 5-HT in regenerating liver.

e focused on norepinephrine effects. Norepinephrine
n shown to antagonize the inhibitory effects of
ping growth factor P (TGF-R) on DNA synthesis of

rat hepatocytes.28 Norepinephrine enhanced the

city of EGF by causing a down-regulation of EGF^.8

,transmitter receptors are usually restricted to neuro-
However, neurotransmitters have been shown to
or inhibit proliferation of non-neuronal cells by

15
receptors coupled to different second messenger

s.29 Serotonin has been found to promote cell prolif-
n various cell types. In aortic smooth muscle cells,

induced mitogenesis was comparable with that of
atelet-derived growth factor.30 The serotonin 5-HTIc
has been reported to function as a proto-oncogene in
fibroblasts, in which its expression triggers malig-

isformation.31

at 24 hours of liver regeneration, when the DNA
is markedly elevated,' ketanserin and spiperone

significant displacement of 13H15-HT in the regener-

that was reported to be the substrate protein of PKC. This was
shown to be mediated by the S2 receptor of serotonin.1t, In our
stud}: we also observed that 5-HT enhanced the PKC-
dependent phosphorylation of a 40-kd membrane protein in
the regenerating liver. Ketanserin, the S2 receptor blocker,
brought about a decrease in the 5-HT-induced phosphoryla-
tion of this protein. This serves as evidence that in the,
regenerating liver, serotonin acting through its S, receptor
activates PKC, resulting in the phosphorylation of the 40 kd
substrate protein of PKC. PKC is a well-recognized second
messenger for cell growth and division, and its activation by
the serotonin S, receptor in the regenerating liver supports
the possible involvement of this receptor in inducing hepato-
cyte DNA synthesis. While the 60-kd membrane protein
phosphorylated by 5-HT in the regenerating liver may be an
important downstream target of the S, receptor, further
studies must be performed to assess the significance of the
phosphorylation of this protein.

Our results from primary cultures show that serotonin can
enhance EGF-stimulated DNA synthesis in hepatocytes, and
that this effect of serotonin is mediated through the serotonin
S, receptor. In vivo studies indicated that the S2 receptors of
serotonin were activated in the regenerating liver during the
DNA synthetic phase. There was an increased involvement of
the S2 receptors in the regenerating liver as seen from
displacement studies. Serotonin S2 receptor-mediated phos-
phorvlation of the 40-kd substrate protein of PKC indicated
the activation of PKC in the regenerating liver. Thus, seroto-
nin can act as a potent co-mitogen in primary cultures of
adult rat hepatocytes, and this effect of serotonin is suggested
to be mediated through the serotonin S2 receptor of hepato-
cytes.
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